Background The Oxford knee is a unicompartmental implant featuring a mobile-bearing polyethylene component with excellent long-term survivorship results reported by the implant developers and early adopters. By contrast, other studies have reported higher revision rates in large academic practices and in national registries. Registry data have shown increased failure with this implant especially by lower-volume surgeons and institutions. Questions/purposes In the setting of a high-volume knee arthroplasty practice, we sought to determine (1) the failure rate of the Oxford unicompartmental knee implant using a failure definition for aseptic loosening that combined clinical features, plain radiographs, and scintigraphy, and (2) whether increased experience with this implant would decrease failure rate, if there is a learning curve effect. Methods Eighty-three Oxford knee prostheses were implanted between September 2005 and July 2008 by the principal investigator. Radiographic and clinical data were available for review for all cases. A failed knee was defined as having recurrent pain after an earlier period of recovery from surgery, progressive radiolucent lines compared with initial postoperative radiographs, and a bone scan showing an isolated area of uptake limited to the area of the replaced compartment. Results Eleven knees in this series failed (13%); Kaplan-Meier survivorship was 86.5% (95% CI, 78.0%-95.0%) at 5 years. Failure occurrences were distributed evenly over the course of the study period. No learning curve effect was identified. Conclusions Based on these findings, including a high failure rate of the Oxford knee implant and the absence of any discernible learning curve effect, the principal investigator no longer uses this implant. Level of Evidence Level III, therapeutic study. See Instructions for Authors for a complete description of levels of evidence.
Introduction
The Oxford unicompartmental knee implant (Oxford, Biomet, IN, USA) uses a fully congruent mobile bearing designed to minimize wear and increase implant longevity [14, 22] . Initial reports documented more than 97% implant survival at 7 years [16] . Implant proponents report minimal wear [14] with survivorship greater than 90% at 20 years [22] . Early US adopters of the Oxford knee implant have reported similar excellent results [3] . These excellent results, however, are not universal. A much higher rate of revision has been reported in national registries and large academic practices [1, 4-6, 11, 15, 17, 21, 28] .
Why might there be a difference between unicompartmental knee arthroplasty (UKA) proponents and registry reports? First, Oxford and unicompartmental proponents in general argue that surgeons have an increased willingness to revise UKAs because they are relatively easy to revise and frequently are revised for ''no obvious reason'' [8] . In addition, radiographic changes suggesting loosening have been shown to be overread in unicompartmental knees, which may increase the revision of implants that are not truly failing [9, 23] . Second, a UKA is a technically demanding procedure which has been shown to have a significant learning curve [10] . Registry data for the UKA with an Oxford implant shows a higher revision rate for surgeons who perform fewer than 13 procedures per year [1] , supporting this concept of a learning curve effect during which surgeons develop expertise with the surgical technique [19, 24] .
The purpose of this study was first to find the failure rate of Oxford unicompartmental knee implants in a high-volume knee arthroplasty practice. Rather than looking at revision for all reasons, the concern expressed by Oxford proponents, we evaluated Oxford knee implant failure with strict criteria using a standardized workup of any painful postoperative knee arthroplasty.
Specifically, we sought to determine (1) the failure rate of the Oxford unicompartmental knee implant using a failure definition for aseptic loosening that combined clinical features, plain radiographs, and scintigraphy, and (2) whether increased experience with this implant would decrease the failure rate, if there is a learning curve effect.
Patients and Methods
The Oxford unicompartmental knee prosthesis was implanted in 83 knees (77 patients) between September 2005 and July 2008 (Table 1) . This represented 7% (83/1224) of the principal investigator's (WCS) primary knee arthroplasty practice during this time. All UKAs were performed for isolated anteromedial knee osteoarthritis confirmed with stress radiographs as per Oxford surgical technique guidelines. In general, indications for this procedure during this period were conservative. Concern regarding ACL stability or presence of inflammatory arthritis, arthritis in the lateral compartment, or patellofemoral arthritis disqualified the patient from a UKA. We restrict elective knee arthroplasty to patients with a BMI less than 45 kg/m 2 . These surgical indications remained constant throughout the study period. No patient in this study was involved in either work-related or personal injury claims. All participated in a standardized recovery program focused on early return of motion and activities. Patients were seen postoperatively at 3, 6, and 12 weeks, 1 year, and every 2 years thereafter for routine followup and clinical evaluation. Radiographs, The Knee Society pain and function scores, Oxford Knee Score, and patient-rated satisfaction results were obtained at annual followups ( Table 2) as part of ongoing institutional review board-approved knee arthroplasty data collection.
Patients with Oxford knee implants who had pain develop at 6 or more months after surgery were evaluated through a standardized protocol. History included antecedent trauma, location of pain, association of pain with activities, and determination if the knee pain initially had abated after surgery and now was increasing or had never improved after surgery. Physical examination criteria included isolated swelling, joint effusion, decreased ROM, or increased varus/valgus instability. Nonoperative management with NSAIDs and physical therapy was initiated. Plain radiographs were obtained, and if they were suspicious for changes compared with the 6-week postoperative radiographs and if it was more than 1 year after the index procedure, a technetium bone scan was obtained. At the time of the bone scan, screening for infection was done with blood work including C-reactive protein and erythrocyte sedimentation rate [2] . Our surgical technique followed the manufacturer's protocol and we used Oxford Phase II instrumentation. The surgical leg was draped free on a thigh support. These procedures were performed under a single tourniquet inflation, through a medial parapatellar incision and arthrotomy. The medial meniscus was removed while the ACL and MCL were protected. The extramedullary tibial alignment guide was placed parallel to the tibial shaft in an effort to create a 7°posterior tibial slope. Feeler gauges ensured adequate bone removal, and then intramedullary alignment guides were used for the femur. The femoral drill guide was placed in three planes as described in the manufacturer's Oxford Surgical Technique, and alignment holes were made in the distal femur. The posterior femoral condyle was cut, followed by initial milling of the distal femur. Feeler gauges were used to determine further milling of the distal femur to ensure equal flexion and extension gaps and final balance was verified. Holes were drilled in sclerotic bone on the femur and tibia, and the tibial keel hole was made. Bone surfaces were irrigated and dried and the tibial and femoral components were cemented with a single batch of cement. A trial polyethylene component was inserted and the knee held at 40°flexion while the cement cured. Motion and stability then were confirmed and a final polyethylene component was inserted. The arthrotomy was closed with a running reabsorbable suture and the skin was closed in layers with staples. The surgical technique did not change during the period of study.
For the purposes of this study, a failed result was defined as a knee that (1) initially had recovered well from the index procedure; (2) displayed new increasing pain in the medial joint line of the knee that did not respond to conservative management; (3) was negative for sepsis; (4) had radiographic changes with concerning features for loosening; and (5) had a positive bone scan after 1 year, with asymmetric increased uptake adjacent to either Oxford component. This failure definition contrasts with those of previous studies reporting a primary outcome of revision for any reason which may increase significantly the published implant failure rate [1, 4-6, 11, 15, 17, 21, 28] First, no knee was classified as a failure for pain alone. Second, radiographic analysis alone was deemed inadequate to determine knee failure. Radiolucencies around the Oxford implants have been an ongoing source of concern. While some authors suggest that these lucencies are not associated with loosening [22] , others argue that lucent lines around Oxford implants were 64% sensitive and 94% specific for loosening and should not be ignored [12] . In the current study, bone scans were obtained to supplement radiographic analysis in patients with knee pain and progressive radiolucencies. Finally, knees with Oxford implants that had further surgery for arthritis progression or instability of the mobile bearing were not included as failed knees. We focused simply on the aseptic loosening rate of the Oxford knee prostheses implanted by the principal investigator (WCS). Kaplan-Meier survivorship was determined [13] .
All knees were evaluated chronologically to determine if a greater number of knee failures occurred early during the learning curve. The 83 knees were divided into sequential thirds designating 28 cases for early-stage, 28 for middlestage, and 27 for late-stage procedural groups (Fig. 1 ). Failures were subcategorized in each stage. In addition, an estimated annual volume was determined for each procedural group to determine not only the surgeon's experience, but also the relative volume at the time of the procedures. 
Results
Eleven (13%) of the 83 knees with Oxford implants met failure criteria (Table 3 ). Kaplan-Meier survivorship was 86.5% (95% CI, 78.0%-95.0%) at 5 years (Fig. 2) .
No learning-curve effect was seen in this series. The 11 failures occurred fairly evenly during the study period: three in the early-stage group, four in the middle-stage group, and four in the late-stage group (Fig. 1 ). To date, nine of 11 failures have been revised. At the time of surgery, tibial or femoral component loosening was determined for each knee (Table 3 ). Patient satisfaction was noted to improve after all revisions. Clinical scores and patient satisfaction were obtained for the nonfailed Oxford knee implants ( Table 2) . At the most recent followup, 51% of patients rated their knees with Oxford implants as excellent, 7% as very good, 29% as good, 9% as fair, and 4% as poor. Two additional knees with Oxford implants that were not considered failures by study criteria were revised for alternative diagnoses, one for lateral disease progression and one for an isolated polyethylene exchange for insert instability (Table 3) .
Discussion
The Oxford unicompartmental knee replacement uses a fully congruent mobile bearing designed to minimize wear and increase implant longevity [14, 22] . This implant has achieved worldwide use, and currently is the most commonly implanted UKA design. Since its introduction, reported results with the Oxford unicompartmental knee have been mixed. Initial results by the implant designers in 1998 indicated greater than 97% survivorship at 10 years [20] . More recent studies by the implant designers and early adopters have continued to report excellent results with greater than 97% implant survival at 7 years [3, 20] and greater than 90% survival at 20 years [22] with minimal wear seen [14] . However, not all investigators report similarly good results with this implant. The Swedish Knee Arthroplasty Study reported 50 revisions (7%) in 699 Oxford knees within 6 years of implantation, 20 of which were revised for technique concerns (loose implants or unstable knees), which led to a recommendation that the Oxford knee implant only be used in long-term comparative studies [16] . Several centers around the world have reported significantly higher revision rates with the Oxford knee implant than the initial excellent reports [4-6, 11, 15, 17, 21, 28] . In our current study of a single high-volume surgeon's experience with the Oxford implant, 11 (13%) of the 83 Oxford implants met failure criteria representing a 5-year survivorship of 86.5% (Fig. 2) . During the course of this review, no benefit was determined with increased experience using the Oxford implant. No learning curve effect was seen. This study is limited because it involves a series of procedures performed by one surgeon. However, the surgeon is a high-volume knee arthroplasty subspecialist [26] , was an experienced UKA surgeon at the start of the study, and performed what is considered by Baker et al. [1] as a high volume of Oxford knee implants throughout the study period. Although more than 22 of these procedures were performed annually throughout the study, the Oxford knee implant was selected only for patients meeting strict eligibility criteria, representing only 7% of the surgeon's knee arthroplasty practice. This rate of selection is low compared with the rate reported by some UKA enthusiasts and may reflect a lack of commitment to learn and incorporate this procedure into this busy practice [3] . Although bone scan evaluation of painful knees with Oxford implants was obtained only more than 1 year postoperatively, the falsepositive scan rate in asymptomatic knees and the falsenegative rate in symptomatic knees are unknown. To our knowledge, our study is the first regarding Oxford knee implant failure using the criteria of pain, plain radiographs, and bone scintigraphy. The sensitivity and specificity of these failure criteria are unknown, although each failed knee undergoing revision was found to have a loose Oxford component. Finally, and importantly, our survivorship analysis presents what we believe to be a ''best-case'' analysis, as it excludes reoperations for disease progression and for problems related to the mobile bearing. We sought instead to focus only on aseptic loosening, which means that the percentage of failures we report, if anything, will be lower than an estimate that considers failures from all causes.
Eleven knees in the current series were considered failures according to our strict criteria ( Table 3 ). The failure rate determined in the current study is in line with multiple national registries and single institution reviews reporting a revision rate of knees with Oxford implants between 7% to 31% within 5 years of implantation [1, 4-6, 11, 15, 17, 21, 27, 28] . It has been suggested that revision is a poor outcome measure for evaluating results of Oxford implants because UKAs are easier than TKAs to revise such that surgeons are more likely to revise a UKA for ''no obvious reason'' [8] . UKAs are three times more likely to be revised than TKAs for the same low clinical score [8] .
Conversely, this argument asserts that UKAs are revised for higher clinical scores than TKAs. Yet as defined by their indication for arthritic changes involving only a single compartment, UKAs initially are performed on knees with higher clinical scores, have been shown to have higher clinical scores when successful [18] , and therefore would be expected to have higher clinical scores when failing. A failed arthroplasty in a single compartment generally is not as problematic as a failed arthroplasty involving two or more compartments. In contrast to studies in which ''revision for any reason'' was used as the end point, we used a more narrow definition of failure. No knee was revised for pain without positive findings on plain films and bone scans. Several patients in our series have poor clinical scores and satisfaction but do not meet failure criteria and have not had revision surgery (Table 2) . Finally, failed knees that were revised were found to have loose components at the time of surgery and improved patient satisfaction at the most recent followup ( Table 3 ). If a patient had persistent knee pain, concerning radiographs, a positive bone scan, and clinical improvement with a revision, it is hard to argue that the revision was done ''for no obvious reason.''
In the current study, failures occurred in an even distribution over the 83 cases performed over 3 years by the surgeon. The benefit of a learning curve was not observed. A learning curve was reported for UKA during which time a surgeon develops competency with a procedure [10] . However, learning a new skill requires not only the experience of a sufficient number of cases, but requires a high enough volume of cases during a distinct learning period [7, 25] . Registry data show a volume threshold of 14 cases per year as an indicator of success for Oxford implants [1] . During the current study, the principal investigator, a highvolume surgeon [26] , performed 83 cases with a minimum annual volume of 22 Oxford implantations during the 3 years of the study without a learning curve effect. Although a learning curve may exist beyond the first 100 cases, the majority of surgeons performing UKA would require years of ''learning'' and simply will not reach this level in time to master this surgical technique. It cannot be assumed that all surgeons, with a few days of training, will experience a short learning curve and quickly attain the same clinical results as the expert developers of this implant. This will lead to a higher failure and revision rate with the Oxford knee implant.
We suggest that the contrast in Oxford knee implant failure rates may be attributable primarily to the inability of surgeons to develop the expertise required with the Oxford implant to obtain similar results to the designers and early adopters. Not all surgeons can obtain the same high level of expertise with all surgical procedures. Previous studies have suggested that a learning curve exists with the Oxford implant, inferring that surgeons may expect, after a period of learning, to obtain similar success as the developers of the implant [19, 24] . Alternatively, it may be that the key skill set needed to obtain excellent results is innate and a sufficient level of expertise is not attainable for all surgeons. This implication is especially disconcerting in the current study when a high-volume knee arthroplasty surgeon performing more than 500 TKAs per year, who would seem to have the requisite skill set to adopt this surgical technique, cannot obtain comparable outcomes. Importantly, a UKA may be a less forgiving procedure than a TKA [10] . The unacceptable rate of failure with the Oxford knee implant has led the principal investigator to discontinue its use in his practice.
